Purpose To determine the impact of elevated serum estradiol levels (EE 2 -defined as levels>90th percentile) on the day of hCG administration during IVF on oocyte fertilization, embryo development, implantation, clinical pregnancy and miscarriage rates. Methods A total of 2,995 consecutive IVF cycles in 1,889 patients with non-donor oocyte retrieval resulting in fresh embryo transfer between 1/1/2005 and 12/31/2011 were analyzed. Cycles were stratified by serum E 2 level on the day of hCG administration into those with levels >90th percentile and≤90th percentile. Rates of normal fertilization, embryo development, positive pregnancy test, implantation, clinical pregnancy and spontaneous miscarriage were compared. Results Serum estradiol above the 90th percentile on the day of hCG administration was associated with a significantly lower rate of normal fertilization (68.6±20 vs. 71.6±21, p = 0.02) when compared with patients with a lower serum estradiol threshold. The proportion of embryos that progressed from 2PN to 6-8 cell on day 3 was not different between the two groups. Although rates of positive pregnancy test (55.2 % vs. 57 %), implantation (26.4 % vs. 28.5 %) and clinical pregnancy (45.5 % vs. 49.4 %) were lower in patients with a higher estradiol threshold, these differences were not statistically significant. Similarly, there was no difference in the spontaneous miscarriage rates between the two groups (8.4 % vs. 7.1 %). Conclusions Serum estradiol levels above the 90th percentile on the day of hCG administration is associated with lower oocyte fertilization rate; however, such levels do not impact embryo development, implantation, clinical pregnancy or spontaneous miscarriage rates.
Introduction
Assisted reproductive technology (ART) has proven effective in helping infertile patients achieve pregnancy. While ART is an effective means of building a family in those for whom other treatments are unsuccessful, research geared towards defining those aspects of the treatment protocols associated with adverse outcomes continues. Some of the well-described adverse outcomes include multiple gestation, chromosomal abnormalities, birth defects, preterm delivery, small for gestational age/low birth weight infants, preeclampsia, placenta previa, cesarean delivery and perinatal morbidity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Recent studies have suggested that the supraphysiologic h o r m o n a l m i l i e u u n iq u e t o c o n t r o l l e d o v a r i a n hyperstimulation during ART may be responsible for adverse outcomes such as preeclampsia and delivery of small fetuses [11] [12] [13] . In 1998, Barker became the first to link maternal malnutrition during the pre-implantation period to low birth weight and showed that affected individuals are at greater risk of developing coronary heart disease, hypertension, and diabetes [14] . This phenomenon, later termed the fetal origin of adult disease, was named the "Barker's Hypothesis" by the British Medical Journal. Thus, an intriguing question worthy of investigation is whether downstream effects of elevated peri-implantation estradiol levels in ART such as preeclampsia and low birth weight are associated with upstream adverse effects like impaired oocyte/embryo quality and implantation, decreased clinical pregnancy and increased spontaneous miscarriage rates. Although potential negative effects of relatively high estradiol levels in the pre-ovulatory and early luteal phases have been documented [15] [16] [17] [18] , its effects during the peri-implantation and early pregnancy period are not well understood [16, 19] . Additionally, these reported negative impacts have not been consistently seen [20] [21] [22] [23] . The variability in several of these prior studies may be due to varying estradiol thresholds at which clinically significant differences in implantation and overall pregnancy outcomes were defined. The inconsistent estradiol threshold, in addition to small sample sizes and differences in the study populations, has proved challenging in making adequate comparisons of outcomes and maintaining external validity [16, 24, 25] .
It is theorized that if aberrant trophoblastic invasion due to elevated serum estradiol (EE 2 ) mediates reported adverse obstetrical outcomes such as preeclampsia and small for gestational age infants following in vitro fertilization (IVF) conception [12, 13] , such aberrant invasion may also be associated with decreased implantation and higher miscarriage rates in these patients. In addition, oocyte quality and fertilization rates, as well as embryo quality and development rates may also be affected. Therefore, the objective of this study was to investigate the relationship between EE 2 levels and oocyte/embryo quality, embryo development and implantation, clinical pregnancy and spontaneous miscarriage rates.
Materials and methods
A retrospective cohort study was conducted after obtaining approval from the Partners Healthcare institutional review board. A total of 4,469 consecutive IVF cycles in our institution from January 1, 2005 to December 31, 2011 were reviewed. The 3,911 cycles resulting in embryo transfer were analyzed and of these, 2,995 concurrent non-donor oocyte retrieval cycles resulting in fresh embryo transfer in 1,889 patients constituted our final study cohort. The detailed flow chart of the inclusion and exclusion criteria for the study is shown in Fig. 1 . The distribution of the 2,995 cycles during the 7-year study period was 265 (8. The cycles were divided into two groups based on the serum estradiol measurement on the day of hCG administration. Cycles with elevated estradiol levels greater than the 90th percentile comprised the study group, while cycles with levels less than the 90th percentile served as the control. The 90th percentile threshold was chosen based on published data that suggested that patients with extremes of serum estradiol levels measured on the day of hCG trigger were more likely to develop preeclampsia and deliver small for gestational age infants [12, 13] . To test the hypothesis whether high estradiol levels were associated with worse oocyte, fertilization and peri-implantation parameters and early pregnancy outcomes in IVF, we decided to use similar methodology to establish our cut off to discriminate between the study (high estradiol) and control (lower estradiol) groups. The study outcomes included percentage of normal fertilization {defined as number of 2 pronuclei embryos/ number of matured oocytes (MII); MII oocytes were determined on the day of oocyte retrieval prior to injection for ICSI cycles, and~16-18 h following retrieval for conventional IVF cycles [26] }, proportion of embryos that developed to 6-8 cell stage on day 3 (number of 6-8 cell embryos/total number of 2 pronuclei embryos), positive pregnancy test (positive hCG 12-14 days following embryo transfer), biochemical pregnancy [defined as positive hCG without a gestational sac], implantation rate [defined as number of gestational sacs/number of embryos transferred], clinical pregnancy rate (documented intrauterine pregnancy with fetal heart activity), and first trimester spontaneous miscarriage [defined as pregnancy failure after visualization of intrauterine gestation sac].
All patients underwent IVF (with conventional insemination or ICSI) using standard oral contraceptive pills pretreatment with luteal phase GnRH-agonist pituitary downregulation, follicular phase GnRH-agonist flare or GnRH-antagonist with variable start and exogenous gonadotropins (recombinant FSH and human menopausal gonadotropins) as previously described [27] . Criteria for hCG trigger, oocyte retrieval, type of immunoassay utilized to measure serum estradiol (Roche cobas immunoassayRoche Diagnostics), embryo transfer guidelines and luteal support have previously been described [11] .
All statistical analyses were performed using Statistical Package for Social Sciences (SPSS, Version 21 for Windows; SPSS, Inc., Chicago, IL, USA). All tests were conducted using a p-value≤0.05 defining statistical significance. The data were expressed as mean ± standard deviation for continuous variables and number of cases (n) and percentage of occurrence (%) for categorical variables. Differences between groups were analyzed with chi-square and Fisher's exact tests for categorical data, and Student's t-test and Mann Whitney test for continuous variables, as appropriate. The univariate analysis was followed by Forward Stepwise Logistic regression with potential confounders included in the model if considered risk factors for the IVF outcome of interest based on p <0.10. Covariates included antral follicle count (AFC), body mass index (BMI), total gonadotropin dose required for controlled ovarian stimulation (COH), type of stimulation protocol, total number of retrieved and matured oocytes.
Results
During the 7-year study period, there were a total of 2,995 IVF cycles in 1,889 patients with non-donor oocyte retrieval resulting in fresh embryo transfer. The mean ± SD serum estradiol level on the day of hCG trigger was 1,995±798 pg/ mL, while the 90th percentile was 2,991 pg/mL. There were a total of 299 cycles with EE 2 levels (> the 90th percentile). The mean (±SD) normal fertilization rate was 71±21 % and the proportion of embryos that developed appropriately on day 3 was 58±31 % [95 % confidence interval (57-59)]. Overall, 57 % and 49 % of the cycles resulted in a positive pregnancy test and clinical pregnancy, respectively. The implantation, biochemical pregnancy and spontaneous miscarriage rates (95 % confidence interval) were 28±38 % (27-30), 7 % (6-8), and 7 % (6-8), respectively.
Comparison of the demographic characteristics among cycles with lower and higher serum estradiol thresholds on the day of hCG administration did not reveal statistically significant differences in maternal age, baseline ovarian reserve measures (AFC, day 3 FSH and E 2 ) or utilization of ICSI for oocyte insemination ( The patients with EE 2 thresholds had more oocytes retrieved (15±5 vs. 10± 5, p =0.001) and more matured oocytes (12±5 vs. 8±4, p =0.001) than those in the control group; however, their fertilization rate was significantly lower (69 ± 20 vs. 72 ± 21, p = 0.02). This difference remained significant after controlling for covariates such as AFC, BMI, total gonadotropin dose required for COH, type of stimulation protocol, total number of retrieved and matured oocytes using multivariable logistic regression. The proportion of embryos that developed to 6-8 cells on day 3, 
Cycles with peak serum Estradiol ≤ 90 th percentile on the day of hCG administration during controlled ovarian hyperstimulation (n=2,696) Table 2) .
Stratification of all cycles into quartiles of serum estradiol levels revealed a decline in normal oocyte fertilization rate after the 1st quartile until the 3rd quartile with a further dramatic decline noted in the 4th quartile. Cycles with estradiol >2,465 pg/mL (4th quartile) were associated with significantly lower normal oocyte fertilization rate (Fig. 2a) . The rates of embryo development to 6-8 cells on day 3 and positive pregnancy test were lowest in cycles with an estradiol level in the 1st quartile (≤1,403 pg/mL). These parameters gradually increased in the 2nd and 3rd quartiles, but started to decline again in the 4th quartile [>2,465 pg/mL, (Fig. 2b-c) ]. Similar but non-significant trends were seen with embryo implantation, the proportion of patients with clinical pregnancy, spontaneous miscarriage, and singleton live birth following a positive pregnancy test (Fig. 2d-g ).
Discussion
In this study, the peri-implantation supraphysiologic hormonal milieu unique to IVF was found to negatively impact the rate of normal oocyte fertilization, but not the rates of embryo development to 6-8 cells stage on day 3, positive pregnancy test, embryo implantation or spontaneous miscarriage. Cycles in the 3rd quartile of estradiol level (1,882-2,465 pg/mL) measured on the day of hCG administration consistently appear to be associated with optimal IVF and early pregnancy outcomes when compared with cycles in other quartiles of estradiol level. This finding is in agreement with other studies that have shown a negative correlation between elevated estradiol and normal oocyte fertilization during IVF, [20, [28] [29] [30] [31] . However, unlike previous studies, we also show that these parameters displayed an inverted U-shaped dose response, confirming a typical biphasic response. Such inverted U-shaped curves are not uncommon and have recently been described in pharmacological [32] , metabolic [33] and human [34] studies. The lack of correlation between patients with higher estradiol thresholds during IVF and embryo development on day 3, clinical pregnancy and miscarriage rates has also been shown in other studies [15, 35] . In the study by Gelety and colleagues [20] , the IVF outcomes of patients with estradiol > 5,000 pg/mL were compared with those with estradiol<3,500 pg/mL and found that patients with extremely high estradiol levels had lower normal fertilization rates compared with the control group. However, there was no difference in oocyte morphology, embryo implantation, rates of clinical pregnancy or miscarriage between the two groups. A possible critique of this study was that it only included 25 cycles in each group and fertilization rates in cycles with estradiol levels between >3,500 and 5,000 pg/mL were not included in the study. Additionally, none of these studies have shown any potential dose-effect relationship between estradiol and early reproductive outcomes during IVF. This current study attempted to better understand the relationship between peri-implantation estradiol levels and IVF outcomes by stratifying the cycles into quartiles of estradiol to determine if a dose response effect exists. Normal oocyte fertilization, embryo development and positive pregnancy test rates each exhibited an overall negative trend with increasing estradiol level. This trend was less apparent with embryo implantation, clinical pregnancy, singleton live birth and spontaneous miscarriage rates. All outcomes, with the exception of oocyte fertilization rate, were worse in cycles in the lowest quartile of estradiol level (≤1,403 pg/mL). These outcomes improved and peaked in the 2nd and 3rd quartiles of estradiol level with decline in the measured parameters in the highest quartile in an inverted U-shaped manner as mentioned previously. There was no clear association between increasing estradiol levels and endometrial receptivity as measured by positive pregnancy test and implantation rate, suggesting that other factors intrinsic or extrinsic to IVF might additionally be operational.
Recent reports suggest that EE 2 levels have a negative downstream effect on obstetrical outcomes (preeclampsia and small for gestational age) following IVF conception [12, 13] . However, the upstream effects on early reproductive outcomes have not been clearly established. Based on these reports, one would expect that elevated peri-implantation estradiol would lead to impaired endometrial receptivity with a higher propensity for abnormal placentation, leading to increased early pregnancy loss. The findings of this study, like those of others, did not support these assertions [15, 35, 36] . One reason that implantation and miscarriage rates seem grossly unaffected by the estradiol level might be due to the fact that the majority of early pregnancy failures occur as a result of genetic abnormalities, common in early pregnancy losses. This observation may additionally be due to type II error in these different studies.
The strengths of this work include the relatively large number of cycles studied and the analyses to determine whether a dose-response effect to estradiol exists. The findings of this study shed more light on the periimplantation effect of EE 2 ; however, we acknowledge the retrospective design of the study, with its inherent limitations. Additionally, this is a study from a single institution, and given the known variability in the estradiol immunoassay among different centers, it may be challenging to compare these results to those from other centers. Despite these limitations, the results of this study suggest that optimal peri-implantation outcome is associated with moderately elevated estradiol levels which in current study ranged from 1,900-2,500 pg/ mL. We suggest that IVF units should examine their own data to determine the range of estradiol levels that maximize treatment outcome, and endeavor to keep stimulation at these levels.
